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ELECTROTHERMALLY ACTUATED TERAHERTZ 
METAMATERIAL 
Mehmet Saadeddin OZTURK 
ABSTRACT 
Microelectromechanical Systems (MEMS) have been adapted from Integrated 
Circuit (IC) technology. MEMS enable fabrication of devices size from a few 
microns to hundreds of microns. This scale is also a proper scale for Terahertz 
(THz) metamaterials (MM), which are designed for building homogeneous medi-
ums. Our study aims to demonstrate an operating device which is designed by 
using mechanical and electromagnetic principles, fabricated by r..IEMS technol-
ogy. 
MEMS actuator and electromagnetic resonator are the two main parts of our 
device which is called Electrothermally Actuated ""Ietamaterial (ETA!\Il\I). Me-
chanical actuator is realized by using conventional photolithography techniques 
and THz Time Domain Spectroscopy (TDS) is used for excitation and detection 
of the resonator. This project is a contribution to the active THz l\E'd devices of 
which main purpose is to control the optical property by au external stimuli. 
\Ve aimed to fabricate a tunable THz Metamaterial device. The device is 
comprised of two mirrored Split Ring Resonator (mSRR) ·with a certain resonant 
frequency. Resonance frequency is tuned by electrothermal actuation. As a novel 
approach, mSRR itself is used as au actuator. Devices nre connected to ectch other 
through electrodes. They make the current flow through cUI array and this flow 
leads to joule heating by causing a thermal expansion of the device. This elastic 
deformation of the device results as in an out of plmw buckling cmd clwnges the 
distance between mSRR and bare silicon substrntc. 
In the electromagnetic part of the mechanism: the clwnge in distcmce. caused 
v 
by thermal expansion, alters the effective dielectric constant within the gap be-
tween the structure and the substrate. Dielectric constant in the gap is the 
main parameter for resonance frequency, for this reason we chose it as a tuning 
parameter of the device. 
In the final analysis, ETAMM utilizes the change in the dielectric constant to 
alter the resonance frequency. Our device delivered 6 GHz resonance frequency 
shift as a response to an applied voltage of 5. 7V on the device. 
VI 
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Chapter 1 
Introduction 
1 
Microelectromechanical Systems (M EMS) are adapted from well developed In-
tegrated Circuit (I C) technology. MEMS has provided a successful research area 
in terms of miniaturizing macro scale devices, like gyroscopes, micro turbines, 
ink jet printers, as well as building its own focus areas such as image sensors, 
accelerometers. Lately, ~'!EMS technology is integrated vvith a new area called 
Terahertz (THz) Science. 
THz range of electromagnetic (Ell!) spectrum has been studied since the 
demonstration of the first metarnaterial for GHz range (Smith et nL 2000). Re-
cently research effort has shifted to THz range. ~IE.l\IS play an important role for 
realizing devices in this range, because of the perfect match between the scale of 
device size, possible with MEMS technology and required device size to operate 
in THz range. 
The purpose of THz science is to fill the gap in electromagnetic spectrum 
(0.1 THz - 100 THz) by developing proper devices. THz spectrum is getting 
functionalized with the help of rapid development of metamaterials in this range. 
Because most of the natural materials do not operate in THz regime. Tlwrefore 
a special material is needed in order to use this gap. I\Ietamatcri<tls is realized 
with effective medium theory. 
A material with a unit cell size (a) much smaller than wavelength of the inci-
dent light (,\) um be fabricated. According to effective medium theory. if the unit 
cell size satisfies the mentioned condition. refrodion phenomena dominates over 
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diffraction and scattering and the artificial material behaves as a homogeneous 
medium. 
Combining MEMS technology and metamaterial phenomena opens a new 
research area called active THz metamaterial. Compatibility of these two makes 
it possible to produce materials that can change its electromagnetic property 
with an applied external stimuli. This concept has been developed by Padilla 
et.al. (Padilla et al., 2006). 
Four of the active l\IM device papers will be discussed here. 
The first device was demonstrated in 2006 by Padilla et.al. (Padilla et al., 
2006) also published a paper about switching a propagating THz signal by pho-
toexcitation of charge carriers in the semi-insulating GaAs substrate. Main im-
provement over (Chen et al., 2006) is faster switching (femtosecond pulses) of the 
first mode resonance frequency. 
In the same year (2006) by Chen et.al. A device is comprised of oppositely 
combined split ring resonator ( S RR) in order to cancel any magnetic response. 
Electrically coupled structure provides a resonance frequency. The device has 
been designed in a way that works as a Schottky diode. An increasing gate voltage 
(0-16 V) enlarges the depletion region and decreases conductivity. This will 
increase the capacitance which will directly affect the strength of the resonance 
characteristic of the device. Chen et.al. stated 10 KHz modulation frequency. 
Ultrafast modulation \Vas realized by Chen et.al in 2007. They demonstrated a 
switching by photogEmeration of carriers in GaAs substrate around 10 picosecond 
(Chen et al., 2007). 
Another study has been published by Paul et.al in 2009. The main improve-
ment is the operation of the device independently from incident wave polariza-
tion. They used a cross structure device, which makes the device insensitive to 
polarization. They demonstrated a modulating frequency around 100 KHz (Paul 
et aL 2009). 
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We introduced a new approach for tuning THz Metamaterials. Our aim is to 
tune resonance frequency of the device with an electrothermal stimuli. There are 
two new approaches in this design: first, using electrothermal actuation mecha-
nism for tuning resonance frequency and second, moving the resonance up and 
down in a certain frequency range. Electrothermally actuated THz Metamaterial 
operates both as a mechanical actuator and as an electromagnetic Electromag-
netic (EM) resonator. 
Mechanical actuation is realized by the resistive heating phenomena. A double 
pinned suspending beam is heated and as a result it expands and buckles up. 
Changing the distance between the suspending beam and the substrate changes 
the capacitance of the device . In measurements, we obtain approximately 1 p,m 
out of plane buckling. A 6 GHz frequency shift is obtained for 0 Volt to 5.7 Volt 
applied potential on the device. Our measurements are conducted in ambient 
environment. By putting the device in a vacuum and also minimizing fabrication 
imperfections, the response can easily be improved. 
4 
Chapter 2 
Designing Active Metamaterial 
Standard beam bending under no constraints will be investigated in the first part. 
Then fixed-fixed beam bending characteristics will be examined. 
After mechanical theory, heat transfer phenomena will be explained briefly. 
Heat transfer model also will be shown in this section. 
Next step for designing the device will establish an electrothermal modal 
of the device including relation between applied DC voltage and temperature 
change. 
In the last section electromagnetic modal of the sy·stem and simulation results 
will he examined. 
2.1 Mechanical Design 
2.1.1 Bending Mechanism 
Under an axial load, a beam will behave like a spring. A beam has a width w, 
a thickness t and a length f. Axial stress for this bcmu is defined as an applied 
force F over unit cross sectional area A. 
F F 
a=-=-
A wt (2.1) 
So the strain on the beam is; 
a F 
E=-=--
£ Etuf 
(2.2) 
where E is the Younq ·s Modulus. Length chauge of the beam is represent eel 
as; 
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Figure 2·1: Beam and spring relation 
FL 15L = EL =-
Ewt 
(2.3) 
As we said before an elastic beam can be considered as a spring. Fig.2·1. So 
one can establish a relation between the applied force and the elongation, as a 
sprmg. 
F k(tL) 
F k( FL) 
Ewt 
(2.4) 
/,; 
E(wt) (2.5) 
L 
This eqtwlity shows that the main characteristic of a beam 1s the spnng 
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Tension 
Compression 
Figure 2·2: Tension and Compression Representation on a beam 
constant ( k). This entity covers both geometric parameters ( w, t, f) and material 
property (E). 
This relation brings us the first design criteria for material selection. We 
should choose a material which has lowest possible Young's modulus, with con-
sideration of other properties. 
If the force is towards to the beam, this compressive force causes a buckling 
instead of expanding. So a curvature (1/ R) will occur. Under a compressive 
stress; upper half will expand and lower half will contract. Fig.2·2 
Dotted line represents the neutral axis. Deformation occurs above and below 
this line. Now we'll examine the stress-strain relation on the beam. If the nPutrnl 
axis is clefinPd as: 
d.r = Hd() (2.6) 
7 
then elongation of the beam becomes; 
dL = dx- zdB 
and strain function in terms of z becomes 
z 
E = --
R 
Stress function in terms of z has the form of 
zE 
(J= --
R 
Internal bending moment .1\I is the first moment of internal stress. 
M= 
H/2 
J WZrJ dz/\J = - (~wt3) E 12 R 
-H/2 
(2.7) 
(2.8) 
(2.9) 
(2.10) 
This shows that the beam has compressive stress down side where it has 
tensile stress on the upper part. This behavior creates buckling. Depends on 
the orientation of the tension and compression fields, buckling will occur either 
upward or downwards. 
2.1.2 Bar Buckling 
In the case of clamped-damped beam, compression will lead to a buckling. Direction 
of the buckling will be either lateral or vertical. Previous studies (Chiao and Lin, 
2000) shmved that if the \vidth of a beam is larger than the thickness (w > h), 
beams tend to bnckle out of plane. And in the opposite case ( w < h), lateral 
bending occurs. 
Buckling is determined by the least second moment of the cross section area 
of the bar. Assuming the beam has the strncture to realize ont-of-plane buckling, 
second requirement is lwving a certain axial loading to shut lmckling. called the 
8 
critical load (Per). 
A differential equation will define the deflection. The eigenvalue of this equa-
tion will be critical load and the eigenvectors will be the deflected beam. Since 
this system operates like a spring, the beam will have a restoring force to turn 
back the original position. If an external load goes below the restoring force, the 
beam will cease buckling. If it goes above the restoring force then buckling will 
occur. 
For the design perspective we have two more parameters: 
1. Desired thickness to width ratio (w > t) 
2. Enough force to initiate the beam 
For the fabrication limitations, the beam width will be 6p.m .. The desired buckling 
is out of plane so thickness will be chosen smaller than this value which will be 
1wn in our case. By choosing these values, it is guaranteed that the beam will 
have a negative curvature. 
Knowing that I is the moment of inertia, I = 1>:;, a doubly pinned beam has 
a critical load (James l\I. Gere, 2009) as follows: 
n 2 Ebh 3 
12£2 
(2.11) 
In order to get this load, required temperature increase can be shown as 
follows (l\IcCarthy et al., 2007): 
(nh )2 
126.nU 
(2.12) 
In the case that the axial load is larger than critical load, we can examine the 
curvature (.Jones, 2006) for the beam according to the following equation: 
1 ±(yt!) 
(! = H = [l + (yt)2tl!2l (2.13) 
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y denotes the deflection function. If y is equal to zero, the beam does not 
buckle. If y is not equal to zero but smaller than 1, then denominator can be 
neglected. Because the square of the slope, (yt)Z, will have a small value with 
respect to 1. 
In our design, the deflection is expected around 3-5 degree which corresponds 
a value less than 0.1 then (yt) 2 will be negligibly small. So for small deflections, 
the deflection function can be represented as; 
1 
p=- ~ ±(y!!) 
R 
(2.14) 
The beam equation is established from the equilibrium of bending moment 
(I\ I) and restoring moment. Restoring force and deflection amount creates an 
opposite moment, !\Irs = FrsY where 
M =Ely!! 
and 
Ely!!= -FrsY 
This forms the differential equation mentioned above: Eqn.2 .17 
Frs 
Y" + -y = 0 El 
Novv we have a second order differential equation. In the form of: 
Y" + ky = 0 
\Ve have bvo initial values for this equation: 
1. y(O) = 0 
(2.15) 
(2.16) 
(2.17) 
(2.18) 
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2. y(L)=O 
Our beam is fixed at both ends and we will see no deflection at these points. 
Under these initial value conditions, two linearly independent solutions needs to 
be defined in order to solve this equation. One can define the following equation 
as a solution; 
y = Asin(kx) + Bcos(kx) 
By using initial values, given above, we can find A and B 
y(O) 
y(L) 
i.A = 0 
ii.kL = 0 
(2.19) 
(2.20) 
(2.21) 
(2.22) 
A cannot be zero. Then kL must be zero. Since this is a trigonometric 
function. kL = rm = 0 condition satisfies the solution and after substitution of 
k with ''; solution is obtained as in Equation 2.23. That will be the form of the 
buckling for our device Fig. 2·3. 
rur:r 
y = Asin(-) 
L 
(2.23) 
Bending moment of the beam is also shown in Fig.2-4 according to the equa-
tion belmv: 
M Ely!! 
-C(sin(n1r:r)) (2.24) 
t: 
0 
:g 
Q) 
;:;:: 
Q) 
c 
Cl> 
"0 
-0.1 
-0.2 
-0.3 
~ -0.4 
a. 
E 
<( -0.5 
'E 
Cl> 
E -0.6 
0 
::iE 
-0.7 
-0.8 
-0.9 
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Shape Function 
Length 
Figure 2·3: Shape Function of a doubly pinned beam 
Bending Moment 
Length 
Figure 2·4: I3cucliug mmm'ut of n clonbly pinned beam 
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Figure 2·5: Shape Function of different modes 
n is the number of modes. In order to realize 2nd and higher modes, some 
constraints need to be put on the beam and higher load need to be applied (Jones, 
2006). There will be no constraints on the beam, we will only deal with first order 
mode. Different modes (n = 1-3) and their shape functions are shown in Fig.2·5 
2.1.3 Heat Transfer Modal 
Heat transfer for our structure will be investigated in three parts: 
1. Heat Loss by conduction 
13 
2. Heat Loss by convection 
3. Heat Loss by radiation 
Now we will take a look these aspects one by one. 
Conduction Heat loss with this type occurs between solids. As a definition; 
"conduction may be viewed as the transfer of energy from the more ener-
getic to less energetic particles of a substance due to interaction between 
particles,. (Incropera and De Witt, 1990) 
In order the to quantify the energy transfer, we will use the rate equation 
per unit time. The rate equation for conduction is known as Fourier's Law 
where k is thermal cond·nctivity and T is temperature. 
dT 
qfl = -k-
d.r (2.25) 
This equation shovv-s that heat flux will be in the direction of decreasing 
temperature. Since our device is negligibly short (lcm) we'll assume that 
the temperature is uniform through out the chip. Heat loss will occur 
between contact pads and substrate. In this respect 2.25 becomes; 
(2.2G) 
Convection Heat transfer through convection occurs in different ways. \Ve will 
focus on transfer between a fluid and a solid surface at different tempera-
tures.And convection heat transfer may also be classified by the nature of 
the flowing fluid as nMural and forced. In our case this will be natnral flow 
of air. Heat flux is knmvn as Newton's cooling law ancl defined as: 
(2.27) 
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where h is the heat transfer rate that includes all parameters effect heat 
transfer such as surface geometry, nature of the fluid flow, transport prop-
erties, T 00 is the ambient temperature and T8 is the temperature for the 
structure. In this part we will use the standard values for convection heat 
transfer rate (Incropera and De Witt, 1990). 
Radiation Thermal radiation is temperature emitted by a surface at a finite 
temperature which is determined by emissivity characteristic (f) of the 
material. Although radiation might emanate from different surfaces, we will 
focus on the one from a solid surface. a is the Stefan-Boltzmann constant 
qfl = Ea(Ts- T.sur) (2.28) 
In a real experiment, if the setup is not in vacuum, all of these heat transfer 
types are possible. Then, total heat loss \Yill include conductive loss, rJcond, 
through pads, connected to the substrate (Si), convective loss, qcom·, from 
the structure into the air and the radiative loss, rJrnd, is represented as 
follows; 
rJ = qcond + CJconr + (hurl (2.29) 
(2.30) 
w. h, L stand for width, thickness and length, respectively. 
2.1.4 Electrothermal Heating 
Electrical analysis of the electrothermal actuator begins with defining n•sistivity 
of the beam. Despite seemingly simple operation. it is not easy to define rcsis-
15 
tivity qualitatively especially over a wide range of temperatures. For the sake of 
simplicity will consider that the temperature is independent from temperature. 
In other words our calculations will include the values after the temperature 
reaches a steady state value. Now we can define the resistivity. This approxi-
mation is valid because the longest part that the current will flow is less than a 
centimeter so in this short length, temperature distribution can he considered as 
uniform. 
VA 
p = J1! (2.31) 
V is the potential difference along the length f., A is the cross-section of 
the beam and J is the total current through the heam. Energy generated by 
electricity is; 
W =VI !:lt 
The energy, needed to increase the temperature ( !:1 T) of the beam is: 
Q = cm!:lT 
The increase in temperature is given helow: 
!:lT = VI !:ll 
em 
(2.32) 
(2.33) 
(2.34) 
The equation above is valid when there is no heat loss. Heat loss \Vill be 
included in the following section. 
2.1.5 Finite Element Analysis of Mechanical Modal 
Simulations has been done with a commercially available finite dement analysis 
software, COl\ISOU. 
1CO:\ISOL :\Inltiphysics :3.!"ia, COI\ISOL AB 
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Simulations include three main components: 
• Conductive Media 
• Heat Transfer 
• Solid, Stress-Strain 
Each module has certain boundary conditions ( BC). Those BCs will be 
explained with an accompanying simulation result. 
• Conductivity us given as 58.1 x 106 [5/m]. Charge distribution through out 
the material is found by the Ohm's Law 
J = aE + Je (2.35) 
which states that the current density is depends on the material property( a), 
applied E-Field and externally excited current density. Left electrodes have 
2V potential, right electrodes are grounded. Rest of the structure is re-
stricted with electric insulation, means that the current is defined by the 
geometry Fig.2·6. 
• Heat transfer module includes conduction and convection heat transfer 
equations. Temperature value (T), outcome of the Conductivity mocl-
ule,will be au input for this module Fig.2·7. 
• Solid, Stress-Strain module uses T value as au input for thermal expansion. 
Structure is fixed with electrodes to the substrate. Reference temperature 
is 300 °K and expansion temperature will be T. so temperature difference 
will he T - 300 and expansion coefficient for the structure will be o = 
10.5JIT71-I/\"-]' Fig.2·~. 
17 
Figure 2·6: Voltage distribution on the structure 
Figure 2·7: Temperature distribution of the device 
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Figure 2·8: z-Displacement is shown for a thermal expansion 
2.2 Electromagnetic Design 
2.2.1 Effective Medium Theory 
A material is called homogeneous when the refraction phenomena dominates over 
scattering/diffraction phenomena (Calm: and Itoh, 2006). ~lost of the naturally 
occurring materials satisfy this condition. 
Once a material satisfies the homogeneity condition. it is called an effective 
medium. An effective medium is comprised of unit cells. The unit cell size (a) 
needs to be much less than wavelength (.\) of the incident light, (a < .\). Caloz 
et.al. called this criteria as homogeneity limit or effective-homogeneity condition. 
If a material satisfies this condition, an electromagnetic wave will see an average 
value of optical property instead of macroscopic device property. This kind of 
engineered material is called a m.etarnaterial. 
The novel optical properties, not found in natural materials, are distinguishing 
characteristics of met amaterials. l\Iet amaterials lws two main optical property, 
can be manipulated by design, electric permittivity ( =) and magnetic permeability 
(tt) 0 
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Negative permittivity and permeability proposed by a Russian physicist Vese-
lago (Veselago, 1968) in 19672 
Permittivity 
Permittivity describes the susceptibility of a material to an electric field. The 
higher the permittivity, the greater the polarization induced by an electric field. 
A capacitor is a passive component that working principle is b<:t.Sed on elec-
tric permittivity. As it can be seen at Figure 2·9 capacitor is comprised of two 
conductor plates with a dielectric medium in between.Parameters of these com-
ponents determine the capacitance; d, distance between the conductor plates; 
overlapping area of these plates (A) and dielectric permittivity of the medium in 
between the plates.The relation between those parameters is shown in equation 
below: 
c 
c = "~d (2.36) 
The dielectric constant of a material is defined relative permittivity with 
respect to permittivity of air (Eo= 8.8542 x 10- 12F/m) (Saleh and Teich. 2007). 
(1 + x) 
x is called electric susceptibility. 
(2.37) 
(2.38) 
Permittivity value has also effect on polarization density P of the material \Vith 
the following relation; 
2In the English translation, publish year indicated as 196~ b.v IllistakP(l\IarquPs eta!., 2006) 
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V+ 
Figure 2 ·9: Capacitor 
I Conductor 
Dielectric 
(2.39) 
Similm condi t ions apply for the magnetic permeability. f' It bu ilds the rela-
t ion between m agnetic .fiux density and magnetic fi eld; 
B = pB (2.40) 
Smne as dielectric constant , permeab ili ty may be defi ned relative to the vacuum 
permeabili ty fLo= 1.2566 x 10- 6H jm. 
fL , fJo 
(1 + Xm)Po 
where \ '" is called magnet ic susceptibili ty. 
(2.<!1 ) 
(2.-12 ) 
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2.2.2 Split Ring Resonators 
Split ring resonators are well studied structures for Microwave range devices. In 
1999 (Pendry et al., 1999), this structure introduced into metamaterials area. 
More recently, SRRs have been investigated at higher frequencies including THz. 
In this study will focus on resonance characteristic of our device and how it 
changes with external electric stimuli. 
Resonance Frequency 
A resonator shows a resonance characteristic at certain frequency more than 
other frequencies. Both electrical and optical resonators have same behavior. 
They oscillate larger at a certain frequency. If an input signal has the same 
resonance, it is absorbed by the resonator or if it is a wide band signal, resonance 
band selected/ absorbed by the resonator. This frequency is called resonance 
freqv.ency and it is denoted by w0 . 
If we think an electric circuit, comprised of passive elements; such as R, L, 
C. In resonance, reactance of both capacitor and inductor are equal.(Eqn.2.-!3) 
1 
wC 
wL 
(2.43) 
(2.44) 
Then the resonance frequency will be at the point of vvhich reactance of the 
capacitor (Rc) and the reactance of the inductor (RL) are equal to each other. 
In other words: at that point, both maximum magnetic energy and maximum 
electrical energy is equal to each other (Konishi, 1998). A related LC circuit is 
depicted in Figure: 2·10 
22 
L 
c 
Figure 2·10: Circuit schematic of a capacitor (C) senes in an 
inductor (L) 
wL 1 
wC 
1 
w VU5 
Electric Circuit Modal of Split Ring Resonators 
(2.45) 
(2.46) 
It has been shown that this structure is able to shmv eitlwr electrical or magnetic 
or both responses, depending on the configuration oftlw incident wave.(Katsarakis 
et al., 2005) 
In this study we will he dealing with electric rcsowmce characteristic of SRR. 
Since the configuration defines the response characteristic, the device will be 
polarization sensitive. 
The basic SRR structure is shown figure belmv. And its electric circuit cquiv-
cllencc is also shmvn in acljncent figure. A simple SRR structure nnd its eqnivalent 
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Figure 2·11: SRR structure and its electrical circuit equivalence 
electric circuit is shown in Figure 2·11 
So the resonance frequency becomes: 
1 
Wo = VLC (2.47) 
Baena et.al. (Baena et al., 2005) investigated electromagnetic responses of 
SRR structure in different wave configuration. This study shows that SRRs can 
be excited magnetically and/ or electrically if the structures is aligned in <I correct 
orientation. Our design will have an electric resonance awl field configuration 
according to that purpose. 
Mirrored Split Ring Resonator (mSRR) and Equivalent Electric Cir-
cuit 
\Ve vvill focus on electric resonance of the SRR structure. For this propose vvc 
picked the mirrored SRR. This structnrc comprised of tvvo adjacent SRR which 
are mirrored vertically. This structure will cancel nny possible magnetic exci-
tntion because of its symmetry 2·12. I3enmse electrically iuducecl circulating 
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Figure 2·12: l'viirrored Split Ring Resonator field confignration 
current will create a magnetic field. As shown in Figure 2·13 circulating currents 
have opposite directions. .Magnetic fields, created by circulating currents also 
have opposite directions, so magnetic fields always will be canceled out. That 
will give us pure electric response of the device. This is possible with the depicted 
(Fig.2·12) configuration of the fields. 
In Fig.2·13 equivalent circuit schematic of the mirrored SRR is shown. Re-
garding this circuit, resonance frequency of this LC circuit will be: 
Wo = j2' VYC (2..!8) 
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c 
L 
Figure 2·13: Equivalent circuit of mirrored SRR structure has 
two parallel inductors and one capacitor is shunted to them. 
Active THz Metamaterials 
L 
As mentioned before, metamaterials display a novel behavior, unique from nat-
urn! materials. The main idea behind making active metamaterials is to tune or 
change the properties in response to some external stimulus. This could be clone 
either by changing capacitance or inductance. This idea had been realized by dif-
ferent groups (Chen et al., 2006),(Padilla et al., 2006), (Paul et al., 2009) using 
different methods. In the present thesis. this is accomplished by using resistive 
heating to induce motion of the SRR. This motion will change the capacitance 
of the device. 
At first. previous studies will be explained briefly in the following section. 
In 2000. Padilla et. nl had the result of shifting transmission resonance fre-
quency by photo-excitation of free carriers in GaAs substrate (Padilla et al.. 
2006). Since photo-excitation of carriers shorts out thf' capacitor gap aml this 
effect turns-off the electrical resonance. 
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In the same year, Chen et.al demonstrated a tunable THz metamaterial (Chen 
et al., 2006). The device is comprised of oppositely combined split ring res-
onator (SRR). The device has been designed in a way that worked as a Schottky 
diode. An increasing gate bias voltage (0-16 V) enlarge the depletion region, 
thus decreasing the conductivity of gap and increasing capacitance, changes the 
resonance frequency. 
In 2009 Paul et.al proposed a polarization independent active metamaterial 
(Paul et al., 2009). They have used the same principle which Chen et.al demon-
strated in (Chen et al., 2006). However there are two significant improvements 
in this work. First the device is insensitive to polarization of incident wave. Sec-
ondly they claim that this design can realize amplitude modulation up to 100 
KHz. 
Three of these studies used either photo-excitation or electric excitation in 
order to realize a frequency shift. In our project we proposed a different approach 
to this problem. Our device will provide frequency shift by electro thermal actu-
ation. 
In this study, we aim to produce a new device that have the functionality of 
an active THz metamaterial in a different method. \Ve utilize a metamaterial 
as an actuator. \Vhile mSRR is actuating mechanically, its optical property will 
change. Detailed working principles is in the following section. 
Working Principle of the ETAMM 
Electrothennally actuated THz l\letanwterial (ET AM M) will be investigated in 
two in two interrelated pnrts: one, mechanical actuator and second, an electro-
magnetic (El\I) resonance. Tuning an electromagnetic resonance is the outcome 
of this combination. 
;.,Iechanical actuation initiated by conducting electricity through the elec-
trodes on the substrate. They \Vill carry the cmrcnt to the dcYice. Current will 
V+ 
1 
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Figure 2·14: Due to a potential difference between two ends of the 
device, there is a current flow. This current flmv- causes a resistive 
heating 
v-
LJ 
cause a resistive heating on the suspending legs (Fig.2·14). Straight legs will 
bend up and this bending will change the distance between the legs and the eli-
electric substrate. Thus this change results as altering in the capacitance. Since 
capacitance is created by electric field line betvv-een t\vo conductors, separated by 
a dielectric, any change on the electric field lines will reflect on the capacitance 
(Fig.2·15). 
As mentioned before resonance frequency in LC circuits is depends on capac-
itance and inductance. By manipulating capacitance of the circuit, one can tune 
the resonance frequency. Tuning with capacitance is chosen for this project be-
cause inductance change requires big change on geometr:v likt> large elongation, or 
increasing thickness at least double fold. On the other hand capacitance change 
can be obtained by small deflections. For instance if the distance between the 
plates is doubled. capacitance will be halved. 
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D 
Figure 2·15: A capacitor modal with E-Field lines between con-
ductor plates. Field lines passing through both air and substrnte 
Finite Element Analysis of Electromagnetic Modal 
Simulations has been run on a conventional simulation software, CST3 . Boundary 
conditions is set for field configurations, ambient property and library of the 
softvvare is used for material property. 
In order to get a electric LC resonance field configuration needs to be in a 
certain direction (Schurig et al., 2006). Linearly polarized El\I field will have 
E-Field is on y axis, H-Field is on :r axis and wave propagcttes into the plnne 
(Fig.2·16) 
This configuration creates a circulating current and E-Field concentrated on 
the gnp. Figure2·17 shows that if theE-Field is not perpendicular to the gnp. 
device ·will not exhibit a resonant response. 
The new active THz mctamaterinl provides a resommcc> shift by electrome-
chanicnl methods. Sweeping a frequency range by a precisely controlled nctuntion 
'CST Studio Suite 2009, CST AG 
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Figure 2·16: E-Field is on x-axis, H-Field is on y-axis, the wave 
propagates into the plane 
15~,11 
0<-~==~~=---------------------------------~------------------~ 
0 
Frequency I n-lz 
Figure 2 ·1 7: Thick line (red in online copy) is the transmission 
datn of mSRR with no rotation, thin line (gray in the online copy) 
is the transmission data with the device has 90 degree clockvYise 
rotation 
0.5 
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FrequMcy f THz 
Figure 2·18: Red line (left curve) indicates the transmission when 
g=1, green line (right curve) indicates transmission when g=2. 
This simulation result shows nearly 40 G Hz resonance shift for 
1micron deflection. Height of the device is 1 micron over the sub-
strate before deflection. g is the gap distance between the structure 
and the substrate 
is the novelty of this this device. Frequency shift is not as large as previous study 
results. However by improving the device quality and experiment environment, 
larger frequency shift is possible. 
Simulation results are depicted in Fig.2·18 and Fig.2·19. Fig.2·18 transmission 
data is for the proposed structure. Deflection amount is the value, obtained from 
mechanical simulations. The device has a 1 pm gnp distance (g) between the 
structure and the substrate. After electrothermal heating, it deflects 1 pm over 
the substrate. This deflection delivers n resonance shift around 40 GHz. 
In Figure2·19, deflection amount is the real vnlne, obtained from the inter-
ferometric measurements. In this case initial gap distance (g) is 2.1 prn and the 
deflection amount is 0.8 pm. Under these conditions, frequency shift is delivered 
as around 15 GHz. 
Optimization for the Device Geometry 
The device geometry has some panuucters such as length of the beam. width of 
the beam. thickness of the lwam. In order to get the best output from the device 
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Frequency f THz 
Figure 2·19: Red line (left curve) indicates the transmission when 
g=2.1, green line (right curve) indicates transmission when g=2.9. 
This simulation shows about 15 GHz resonance shift for 0.8 micron. 
Height of the device is 1 micron over the substrate before deflection 
(g is the gap distance between the structure and the substrate) 
some optimization simulations are done on the structure. 
!)=2.1 
g -).9 
First, we examine the effect of the beam length on the resonance shift. Sim-
ulations showed that the larger the beam length, the larger the frequency shift. 
Having the effective medium condition, there is a constraint on the beam length so 
having a beam length around 150tLm is a correct choice. Figure2·20, Figure2·21, 
Figure2·22 shows resonance shift for beam lengths of 50. 100 and 150 respec-
tively. It can be clearly seen that resonance shift increase is in direct relation 
with length increase. 
\Ve also run the simulation for different c:npacitor plate length and different 
width of the suspending beam and it is shown that there is not a significant 
contribution to resonance shift. 
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152,11 
Frequency I THz 
Figure 2·20: Resonance shift for a beam length of 50 Jlln. E-
Field is on x-axis, H-Field is on y-axis, the wave propagates into 
the plane 
152,11 
Frequency I THz 
Figure 2· 21: Resonance shift for a beam length of 100 Jllll. E-
Field is on x-axis, H-Field is on y-axis, the \VcWC propngntes into 
the plane 
o.:. 
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Figure 2·22: Resonance shift for a beam length of 150 JUn. E-
Field is on x-axis, H-Field is on y-axis, the wave propagates into 
the plane 
0.5 
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Chapter 3 
Fabrication 
3.1 Fabrication Steps 
The fabrication process is comprised of five steps, including three photolithogra-
phy. In other words three consecutive layers are performed, with three different 
masks, on a 2 inch wafer. 
The first step starts with spin coating of S1813 1 Shipley photoresist at 4000 
rpm for 45 seconds. Spin coating starts with spreading part at 500 rpm for 5 sec-
ond and increases to 1000 rpm in 5 seconds. After spreading photoresist, spinner 
accelerates to 4000 rpm. Prior to this process as an adhesion promoter hexam-
ethyldisilazane2 (Hl\IDS) is applied with same spinning recipe. Spin coating is 
followed by a soft baking at 90 oc for 1 minute on an hot plate. Soft baking 
intends to evaporate the solvent in the photoresist; after this step photoresist 
becomes ready for UV exposure. 
Exposure is performed by optical lithography machine 3 . For S1813 Shipley 
photoresist. hard contact type chunk position is choosen. This position of the 
chunk help to decrease scattering UV light before it reaches to photoresist. Ex-
posure energy is set for 80mJ / cm2 ( 10 m \V x 8 seconds). After exposure, wafer 
is immersed into l\IF 319 resist developer 4 for 45 seconds, in order to remove the 
exposed areas and reveal the pattern. 
11\Iicroposit 81800 Scrips Photo Resist. Shiplt>y Company, l\lnrlborough, l\IA USA 
2 Product No.00692. Polyscien(·t>, lnl'. -100 Valley Road, \rarrington, PA lt\976 USA 
:
1l\l.JB:3 l\lask Aligun, Karl Suss :\Iino'l'Pl' AG. 
11\Iinoposit l\IF-:31!) Dt>vPiopt>r. Shipley Comp<my, l\Iarlborough, 1\IA CSA 
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Si - Ti /Au 
Figure 3·1 : T i/ Au is deposited as seed layer withE-Beam Evap-
oration 
Figure 3·2: Sacrificial layer is coated and Second Au layer is 
deposited 
After we had the pattern , T i/ Au 10/ 200 mn . seed layer is deposited with 
E-Beam evaporation5 in low pressure. 5 x 10- 6 ri1Torr. After meta.l deposit ion 
lift off process is applied sonication while the wafer in Acetone for 5 minutes . 
This sonication is applied for Isopropanol and water for sa me amount of time, 
in order to clean all metallic residue caused by li ft off. Figure F ig.3·1 shows the 
wafer at the end of the first step. 
The second step includes similar recipes . S181 3 <1pplied , after HIVIDS coat-
ing. Same power set t ings is applied for J\.Iask Aligner. This layer will be built on 
top of the first layer , so alignment of t hese layers is cssent icil. After photolitho-
graphic process is completed , Au (100 nm) is deposited wit h E-Beam evaporat ion. 
There is no lift-off process . Because this photoresist Inver serves as a sacrificial 
layer.Figure 3·2 
The third step starts wit h spin coating of Sl i:$186 photoresist. Spinning clu-
rat ion is reduced to 30 seconds, in order to get thicker (a round 2 p.m) coating. 
"' Electron Beam Evapo rator BOC' E ciln m ls Auto BOG 
1;!\ [icropos it SlSOO Seri es Photo R esist. Shipley COJnp;m\·, I\ Jar lboroll p; h , I\ lA USA 
- 5i - Au 
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•• I 51813 
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L _:::: Patterned 
Area 
Figure 3 ·3: 81818 photoresist is coated and patterned. Cu 1s 
electroplat ing for t he main structure 
uu 
J'Q Cu % u 51818 
Figure 3·4: The last Au 1s depos ited on the electropla ted Cu 
structure 
l\ lask Aligner is set to 10 seconds at 10m ) /crn 2 dosage . Scilne as the second layer , 
a.ligning the marks precisely is crucial at this stage. After exposure, photoresist 
is clipped in l\ lF-319 developer for 1 minute. E lect roplat ing Cu on the pe1ttern ed 
photoresist follows this process. Cu is electroplated in Copper Su lfat<' (C u2 S'0 1) 
solution with 47mA current. F igure 3·3 shows before and after elect roplating. 
In the forth step , t he last Au layer (100nm) is deposit ed on Cu stru cture. 
After three consecutive fabricatiou steps, t he dev ice is rencly for dicing nud release 
process . Dicing saw 7 is used at 2000 rpm to han• incl iYidu <1 1 chips from T \Hlfer . 
The fifth step incl ucles two parts . One is relllOY ing the s<~cr ih c i c1 1 photoresist 
- S i - Au 
e cu 
37 
••• 51813 
~IU S1818 
F igure 3·5: Released structure after CPD process 
and releasing t he structure with Critical Point Dryer. Photoresist removal is 
performed by dipping the chips into Acetone and keeping in the sonication device 
for 15 seconds at first . And solution is renewed and sonication is applied 15 
seconds more. This process is repeated until a ll the excessive Au part icles are 
removed from the array. This process is observed by a conventional la boratory 
microscope whi le the sample is still in Acetone. 
After removing photoresist , the last step is putting the device in n Cr-itical 
Point Drye1 ( C P D). This step is crucial for the device. Because after this step , 
the device will be able to work in a room environment. Released stmctm es 
is shown in Figure 3·5 . A Scanning Electron I\ licroscopy (SEI\1 ) image of tlw 
suspending beam is shown in Fig.3·6. Operation process of CPD is explained in 
the follovving section 
Figure 3·7 has i:\ top view of the ETAMM and Figure3 ·8 shows a whole i:l lT<l\. 
of mSRR struct ures . \i\Tidth of the structure is 60~un and the length is 160 JW?. 
This is slightly larger than our designed values . This difference might be beca nse 
of the photolithography or electroplating. During the plwtolithogrnphv therc 
is n l w<~ys a wedge instead of a perpendicular edge . Due to this slop e. dming 
electroplnting process this cause an enlargement oft he hei:llll. 
In the foll ow ing figures, relea!':lecl arrays is showu. FigmC'3·9 is an image of 
E 
::1. 
0 
(0 
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WD = 7.4 mm Aperture Size= 30.00 ~m Slage al T = 0.0 o 
Figure 3·6: Suspending beam is about 1 micron above the sub-
strate 
Figure 3·7: Top Yicw of the released structure 
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Figure 3·8: Scanning Electron Microscopy image of a suspending 
array 
the array after sonication. This shows that structure is not robust enough to 
survive in sonicat ion. The main reason of that is connection betvveen seed layer 
and structure is not strong enough. In t he following figure (Fig.3·10 , a successful 
array is shown. In the image, array is in a.cetone and suspending. 
Critical Point Dryer 
CPD is a conventioualmethod for having free standing structures . T he working 
principle is based on critical ev3pora.tion point of liquid carbondioxide ( c o 2t.q) . 
In the Fig.3·11, essential p3rts of the Cri t ical Point Dryer is shown. 
First of all , rele<1sed sample needs to kept in acetone to prevent stiction. 
Sample is transferred into a holder, fi lled with acetone. This holder is placed in 
the chamber and chamber door is closed tight . Then. C0 2,,q is inserted into the 
chamber. Acetone is replaced by C'02,," . By incre<lsing the tempera tnre with 
<1 circulating heated water around the chamber. pressure is increased. As soon 
as pressure reached 1200 psi and temperature 35°C . C'Ch "" t urn into gas pha ·e . 
After C0 2"" is totally tmned in to gas phase , high press ure chamber is brought 
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F ig u r e 3 ·9: Damaged structure after sonicat ion 
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F ig u re 3·1 0 : Suspending <UTa\· <lft er ;.;ouicntion 
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E 
Figure 3·11 : A: C0 2 liquid inlet valve, B:Air outlet, B:Pressure 
Display, C: Temperature Display, D: High pressure chnmber. also 
heated up by circulating hot ·wa ter within the cylinder 
cl0\n 1 to the atmospheric pressure. After t his process . suspending struct urc can 
operate in room environment safely. 
Chapter 4 
Measurement 
42 
Interferometry provides a non-destructive and non-contact approach surface pro-
filing of MEMS device. Interferometric profilometry has been used for thermal 
and electrothermal testing thereby providing information on thermal and distance 
change over a substrate. 
4.1 Electrothermal 
A DC power supply is connected to the device. The voltage across the device is 
increased gradually, from 0 V to 5 V, 1 V at a time. 
4.1.1 Measurement Results 
The following figures shows the electrothermal actuation of ETAMJ\1. The mea-
surement use a VEECO interferometer. In the first figure Fig.4-l two axis shmv-
:r and y projections. The:~: axis shows the curvature of the beam at post-release 
situation. The y axis shows the thickness of the structure. 
In Fig.(4·2-4·G) :r axis is shown highlighting the correlation between voltage 
and curvature is depicted. At 5V, deflection outcome is around 0.8 pm. This 
value is below the sinmlated value. There might be a couple of reasons. First is 
the oxidation of the copper. Even though it is covered by Au layer around. 
Our first assumption is about the air exposure bebxeen electroplating and 
3rd Au E-Beam deposition. Second assumption is about increasing temperatme 
activit\· of Copp<'r during thermal test. The temperature increase and dislocation 
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Figure 4·2: 2D profile, x axis projection of the structure at lV 
applied 
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Figure 4 ·3 : 2D profile, T axis projection of thl' structure at 2V 
applied 
2;0 
on the Au layer let the oxygen in. Another important reason might be unexpected 
heat loss. Convect ion heat transfer coefficient is au empirical va lue that depends 
on a number of parameters such as geometry, material properties, temperature 
etc. These are the parameters we can approximate aud take them as constants 
during simulat ions. This difference between rec<l V<1lucs and library values u mse 
different outcomes . 
T hese uncertaiut ies from the uature of the fabrication imperfect ions and pa-
rameter mismatch between real cmcl li brc1ry vcdues lead to kss cl r fl ecti on va lues 
than we simulated. 
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4.2 Terahertz Time Domain Spectroscopy 
4.2.1 THz Time Domain Spectroscopy Setup 
Terahertz Time Domain Spectroscopy (THz TDS) provides real and imaginary 
parts of the effective dielectric response which make it possible to reconstruct the 
signal after passing through a sample. 
An 800 nm, 50 fs optical beam is split into two parts with a beam splitter. 
These beams follows two different pathes. The femtosecond laser goes through a 
delay stage, other pass through a rectification stage which delivers about a 1 ps 
THz signal. The femtosecond laser is used for sampling THz signal. Transmitted 
signal from the sample and the beam coming from delay stage, intersect on a 
photoconductive detector which transform the optical signal into electrical one 
(Lee, 2009) Fig.4· 7. 
During this process THz electric field is measured by using bare substrate 
as a reference. It is crucial to use identical substrate with the one the sample 
is built on. A time domain transmission data is obtained and after a fourier 
transformation of time domain data amplitude and phase information of the 
transmission is extracted. Dividing sample data by bare substrate (reference), 
transmission t(v) and phase change !:::.¢ with respect to freqnency is obtained for 
metmnaterial (Chen and O'Hara, 2008). 
The transmission of our device has been measured at different DC voltages, 
applied on the device. In other words, electromagnetic output, corresponding to 
different applied input voltages, is obtained. 
4.2.2 Measurement Result 
This measnrement is conducted at ambient temperatures and atmosphere pres-
sure. A DC voltage is applied across the device (0-GV) and the THz tnmsmissiou 
is measured for each voltage increment. The following figures show the freqm'ncy 
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Figure 4·7: THz Time Domain Spectroscopy Setup 
Delay 
Stage 
shift by increasing voltage over the device. The lower figure is a close up graph 
for the upper one Fig.4·8. 
As it is explained in previous sections current will change the distance be-
tween the capacitor plates and the substrate. This measurement shows that 
our assumption and calculations about resonance frequency change clue to elec-
trothermal heating is accurate. 
A 6 GHz resonance shift is observed. This is lower than we see in simulations. 
The possible mechanical reasons are explained in the previous section. In addition 
to those: electromagnetic simulntion bring some differences as well. The main 
effect comes from geometry. In CST we use a straight structure, raising up from 
the substrate. HowC'ver in renlity there should be a curvature on the device. 
Due to the computational cost of curved strncture in CST. we avoid this kind of 
geometry. 
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